We investigated the thermal and plasma-enhanced atomic layer deposition ͑PE-ALD͒ of tantalum and titanium oxides from representative alkylamide precursors, Ta͑NMe 2 ͒ 5 ͑pentakis͑dimethylamino͒Ta, PDMAT͒ and Ti͑NMe 2 ͒ 4 ͓tetrakis͑dimethylami-do͒Ti, TDMAT͔. ALD of Ta 2 O 5 by PDMAT with water or oxygen plasma produced pure Ta 2 O 5 films with good self-saturation growth characteristics. However, incomplete self-saturation was observed for TiO 2 ALD from TDMAT. The film properties including microstructure, chemical composition, and electrical properties are discussed focusing on the comparative studies between thermal and PE-ALD processes for both oxides. The results indicate that the PDMAT is a promising precursor for both thermal and PE-ALD of Ta 2 O 5 .
Atomic layer deposition ͑ALD͒ is a gas-phase thin-film deposition method characterized by the alternate exposure of chemical species with self-limiting surface reactions, producing films with accurate thickness control, excellent conformality, and uniformity over large areas. 1 Due to these benefits, ALD is becoming one of the most promising thin-film deposition methods in the fabrication of nanoscale microelectronic devices, for which thickness controllability at atomic level and high conformality are required. 2 One of the critical issues for a successful ALD process is a proper selection of precursors and reactants. Among many metal precursors, alkylamide precursors have been widely used for ALD since they have suitable vapor pressure and Cl-and O-free ligands producing noncorrosive products and require relatively low growth temperatures.
ALD of high-k dielectrics have been extensively studied using a variety of precursors and reactants. [3] [4] [5] [6] As representative high k oxides, Ta 2 O 5 and TiO 2 have been studied for various applications including capacitor and gate dielectrics for the semiconductor industry and chemical sensors. 7, 8 Although various precursors have been studied for ALD of Ta and Ti-based materials, 4, [9] [10] [11] [12] alkylamide precursors have been widely used for deposition of TaN 13 or TiN. 14 For example, plasma-enhanced ALD ͑PE-ALD͒ of TaN from ͑pentakis-͑dimethylamino͒Ta ͑PDMAT͒ and hydrogen plasma produced good quality TaN, showing very robust characteristics as a diffusion barrier for Cu interconnects. 13 However, the alkylamide precursors have rarely been used for deposition of Ta or Ti oxide, except in a couple of very recent reports. 15, 16 This is quite contrary to other high-k materials such as ZrO 2 and HfO 2 , for which extensive studies have been reported by thermal and PE-ALD from various alkylamide precursors. [17] [18] [19] [20] Especially, no comparative study between thermal and PE-ALD from alkylamide precursors for Ta and Ti oxides has been reported yet. In this study, we investigated the thermal and PE-ALD processes of both oxides using representative alkylamide precursors, Ta͑NMe 2 ͒ 5 ͓pentakis͑dimethylamino͒Ta, PDMAT͔ and Ti͑NMe 2 ͒ 4 ͓tetrakis͑dimethylamido͒Ti, TDMAT͔, which have the same dimethylamino ligands. The film properties including microstructure, chemical composition, and electrical properties are discussed focusing on the comparative studies between thermal and PE-ALD processes for both oxides.
A homemade cold-wall-type remote PE-ALD chamber was built and used for this study. Sample sizes up to 200 mm in diameter can be loaded into the chamber pumped by a turbomolecular pump producing a working base pressure of middle 10 −7 Torr. The sample was heated using a resistive heating plate, providing growth temperatures of up to 400°C. The temperature was measured using a thermocouple attached to the heater, and calibrated against another thermocouple attached to the sample. The bubbler temperature containing PDMAT ͑solid͒ was set at 65°C to develop adequate vapor pressure while the delivery lines were heated to above 70°C to prevent condensation of the precursor. To improve gas delivery, Ar was used as a carrier gas and the flow was controlled by a massflow controller ͑MFC͒ upstream of the bubbler. For TDMAT, which has high enough vapor pressure, the bubbler remains at room temperature without the use of a carrier gas. For thermal ALD, the water vapor was used as a reactant. The bubbler containing water was immersed in silicone oil for better temperature control, and the water vapor flow was controlled by a leak valve. For PE-ALD, oxygen gas flowed into an rf plasma source, which consisted of a quartz tube wrapped with a multiple-turn coil set at 13.56 MHz providing a power level of up to 600 W. The distance between the remote plasma source and the sample during deposition is 20 cm. For the current experiments, the flow of oxygen, controlled by MFC, was set at 130 sccm, resulting in 10 mTorr of working pressure and the plasma power was 300 W. The chamber was purged by 75 sccm Ar gas between the precursor and reactant exposure step.
ALD oxide thin films were deposited on Si͑001͒ substrates. For routine experiments, the substrates were cleaned by dipping in 1% HF solution for 1 min to remove the native oxide without a further cleaning process. However, the Si substrates for electrical property measurements were cleaned by the RCA method. After deposition, the thickness was routinely measured by ellipsometry ͑Rudolph auto ELII͒. The stoichiometry and impurity content in the thin films were analyzed by Rutherford backscattering ͑RBS͒ and X-ray photoemission spectroscopy ͑XPS͒. The microstructures of the films were determined by X-ray diffraction ͑XRD͒. For electrical measurements, a metal-oxide-semiconductor ͑MOS͒ capacitor structure was fabricated by evaporating 30 nm thick Al contact on 10 nm thick ALD oxide thin films through a shadow mask. For back contact, Au was evaporated on the back side and current-voltage characteristics were determined using HP4156 precision semiconductor parameter analyzer.
First, Ta 2 O 5 thin films were deposited by thermal ALD from PDMAT and water vapor at a growth temperature of T s = 250°C. The reactant ͑water͒ exposure time, t r , was set as 3 s and the purging time, t p , as 3 s. The growth rates, routinely measured by ellipsometry, are presented as a function of PDMAT exposure time, t s , in Fig.  1 . The growth rate increases rapidly with increasing t s and saturates at ϳ0.85 Å/cycle at above t s = 1 s. The saturation of the growth rate indicates that a typical ALD mode growth is achieved by selflimited adsorption of PDMAT. This growth rate was almost two times higher than the previously reported values from other precursors including ethoxide ͑0.45 Å/cycle͒ and chloride ͑0.45 Å/cycle͒. 21, 22 From the thickness vs growth cycles data ͑not shown͒, almost no nucleation delay was observed on Si͑001͒. z E-mail: hyungjun@postech.ac.kr Electrochemical and Solid-State Letters, 9 ͑6͒ G191-G194 ͑2006͒ 1099-0062/2006/9͑6͒/G191/4/$20.00 © The Electrochemical Society G191 Next, Ta 2 O 5 films were deposited by PE-ALD using O 2 plasma as a reactant and the growth characteristics were compared with those of thermal ALD. We did not perform detailed analysis on the reactive species of oxygen plasma. However, in a previous study on ALD ZrO 2 using a similar PE-ALD system, it was reported that the main species in the remote oxygen plasma are atomic oxygen and activated oxygen molecules by optical emission spectroscopy ͑OES͒. 19 Figure 2 shows the growth rates as a function of reactant exposure time, t r , at T s = 250°C for both thermal and PE-ALD of Ta 2 O 5 . The figure shows good saturation behavior at t r Ͼ ϳ1 s for both cases, again indicating good saturation behavior of the PDMAT precursor. The growth rate of PE-ALD at saturation condition is about 1.2 Å/cycle, which is slightly higher than that of thermal ALD. Figure 3 shows the growth rates of Ta 2 O 5 thermal and PE-ALD at various growth temperature from T s = 100 to 500°C with t s = 2 s and t r = 3 s. For both cases, three distinguished regions can be identified in the figure. In the middle temperature region, the growth rates remain almost constant, indicating the existence of a process window. For thermal ALD this region is from 200 to 250°C, while for PE-ALD it is from 150 to 250°C. In other words, the ALD can be achieved at almost 50°C lower temperature by PE-ALD than by thermal ALD. This lower growth temperature is usually attributed to the higher reactivity of radicals, in this case atomic O or activated O 2 . 23 In fact, in a separate experiment, Ta 2 O 5 film was not deposited without the use of plasma at T s ഛ 250 C, indicating that the activated species generated by plasma are necessary to deposit Ta 2 O 5 . In the high temperature region, the growth rates increase with increasing growth temperature. This behavior is due to the disturbance of self-limitation caused by thermal decomposition of precursors leading to partially CVD-like growth. 2 In the low growth temperature region, the growth rates increase with decreasing growth temperature for both thermal and PE-ALD. One of the plausible explanations proposed for this phenomenon is that the concentration of surface OH groups becomes higher with decreasing growth temperature, which leads to a larger number of active sites resulting in a higher growth rate in the low growth temperature region. 24, 25 This explanation could be generally applied for thermal ALD of oxide using water as a reactant. However, for PE-ALD using oxygen plasma as a reactant, the formation of an OHterminated surface has not been clearly identified yet. In a more recent report, OES analysis of oxygen plasma indicated the presence of hydrogen radicals, which could results in OH-terminated surface by reaction of oxygen radicals with hydrogen likely to originate from precursors. 26 Thus, the same explanation would be applicable for PE-ALD of oxides, but more detailed experiments on the reaction mechanism of PE-ALD from oxygen plasma would be required to determine the exact reason for this behavior.
Next, TiO 2 films were deposited by thermal ALD from TDMAT and water. The growth rates as a function of TDMAT exposure time at T s = 200°C are shown in Fig. 4 . In contrast to Ta 2 O 5 ALD from PDMAT, the growth rate did not saturate with increasing TDMAT exposure time, although some slow down of the growth rate at t s Ͼ 1 s was observed. A possible explanation for this behavior is that the TDMAT molecules do not adsorb on the surface with perfect self-saturation, probably due to the low decomposition temperature of the TDMAT precursor, which is reported to be about 180°C. 14 Similar behavior was reported for TiN ALD from TDMAT and NH 3 . 14 However, we cannot exclude other possibilities for this nonideal ALD growth, since the TiN ALD from TDMAT reported that the nonideal ALD mode was observed even at growth temperatures as low as 120°C. In any case, this nonideal ALD growth characteristic may limit the use of TDMAT as a precursor for TiO 2 ALD.
Based upon these results, the standard conditions were set as t s = 2 s, t p = 5 s, and t r = 3 s for convenience sake. At this condition, the growth rate was about 2.1 Å/cycle, which was much higher than those from other previously reported precursors including 
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Electrochemical and Solid-State Letters, 9 ͑6͒ G191-G194 ͑2006͒ G192 methoxide ͑0.5 Å/cycle͒ 4 and chloride ͑0.75 Å/cycle͒. 10 As a function of growth temperatures, similar growth characteristics as thermal ALD of Ta 2 O 5 from PDMAT were observed for TiO 2 thermal ALD ͑data not shown͒. The growth rates of thermal ALD TiO 2 from TDMAT and water remained almost constant at T s = 150-250°C. PE-ALD of TiO 2 was also performed, and the typical growth rate was 2.17 Å/cycle, which is slightly higher than that of thermal ALD.
The microstructures of thermal and PE-ALD Ta 2 O 5 and TiO 2 films were analyzed by XRD. For thermal and PE-ALD Ta 2 O 5 , the films were all amorphous in the growth temperature region studied ͑150-350°C͒. For thermal ALD TiO 2 films, a however, a small anatase peak began to appear at T s = 250°C, and the intensity of the peak grew with an additional small rutile phase diffraction feature at T s = 300°C, while no diffraction peak was observed up to growth temperatures of 200°C. Similar results were reported for ALD TiO 2 from TiI 4 and H 2 O 2 . 11 However, for an ALD of TiO 2 from Ti͑OMe͒ 4 and water, only anatase peaks were observed at T s Ͼ 250°C without any rutile peak up to T s = 350°C, 4 while no diffraction peak was observed for ALD TiO 2 thin film from Ti͑O i Pr͒ 2 ͑dmae͒ 2 and water up to T s = 400°C. 27 Chemical compositions and biding states were analyzed by XPS for thermal and PE-ALD of Ta and Ti oxides. For both thermal and PE-ALD Ta 2 O 5 , the only observed Ta-related XPS peaks were the standard Ta 4f 7/2 peak ͑located at 26.5 eV͒ and Ta 4f 5/2 peak ͑located at 28.4 eV͒ of Ta-O bond without any other Ta-related peaks such as Ta-N or metallic Ta. Besides, impurity-related peaks were not observed, indicating that the deposited Ta 2 O 5 films are very pure ͑C, N Ͻ 1%͒. Similarly, XPS results of TiO 2 thermal and PE-ALD have shown that the films are quite pure. For TiO 2 , however, a small nitrogen-related peak was observed, by which the nitrogen content was evaluated as ϳ1.5% for the samples grown at T s = 200°C. For more compositional information, RBS analysis was performed using oxygen, carbon, and nitrogen resonance. Agreeing with XPS analysis, no nitrogen or carbon-related feature were observed for Ta 2 O 5 thin films.
As a representative electrical property of the deposited oxide films the leakage current density was estimated for thermal and PE-ALD of Ta 2 O 5 and TiO 2 deposited at standard growth conditions on Si͑001͒ substrate. Figure 5a and b present current density-electrical field plots for 10 nm thick, as-deposited Ta 2 O 5 and TiO 2 ALD films, respectively. As Fig. 5a shows, the leakage current density of thermal ALD Ta 2 O 5 film is ϳ6 ϫ 10 −5 A/cm 2 at 1 MV/cm. This value is comparable to that of CVD Ta 2 O 5 using the same precursor and oxygen, which was grown at a much higher temperature, 450°C. 28 In a previous report, a lower leakage current density was reported for ALD Ta 2 O 5 from PDMAT and water ͑1 A/cm for 10-100 nm thick films͒, but direct comparison with our result is difficult since the exact thickness and annealing conditions were not described. 15 The leakage current density of our PE-ALD Ta 2 O 5 is ϳ8 ϫ 10 −7 A/cm 2 , which is about two orders of magnitude lower than that of thermal ALD. Also, this value is lower than that of previously reported PE-ALD Ta 2 O 5 from ethoxide and oxygen plasma, 1 ϫ 10 −6 A/cm 2 at 1 MV/cm for 15 nm thickness, indicating that high quality PE-ALD Ta 2 O 5 films can be deposited from PDMAT and oxygen plasma. 29 Meanwhile, the leakage current densities of as-deposited TiO 2 thin films were 5 ϫ 10 −3 A/cm 2 for thermal ALD and 7 ϫ 10 −4 A/cm 2 for PE-ALD. A slightly higher leakage current density ͑1 ϫ 10 −3 A/cm 2 at 1 MV/cm͒ was reported for ozone-based ALD TiO 2 from the titanium isopropoxide precursor. 30 Moreover, a previous report using TDMAT and oxygen plasma produced TiO 2 films with a much higher leakage current density, larger than 1 A/cm for 1 MV/cm as-deposited sample. 16 The results indicate that PE-ALD produced films with lower leakage current densities thermal ALD for both Ta 2 O 5 and TiO 2 , even though the same metal precursor was used for each oxide. Similarly, it was reported that PE-ALD from zirconium t-but oxide produces of ZrO 2 films with two orders of magnitude lower leakage current density than thermal ALD. 31 It was reported that defects such as an oxygen vacancy or C, Si contamination causes leakage currents in Ta 2 O 5 films. 32 Thus, a possible explanation for smaller leakage of PE-ALD oxides is smaller oxygen vacancy concentra- tions or lower contamination ͑although the concentrations were below the detection limit in our experimental results͒ in PE-ALD films than in thermal ALD film. Additionally, smoother interface for PE-ALD than thermal ALD, observed by transmission electron microscopy ͑data not shown͒, might be partly responsible for this. However, further investigation will be necessary to clarify this.
In conclusion, tantalum and titanium oxide thin films were deposited by thermal and PE-ALD from PDMAT and TDMAT. The growth process was characterized as a function of various key growth parameters. For both cases, PE-ALD shows a higher growth rate at a lower growth temperature with better film quality. Pure Ta 2 O 5 films were successfully deposited by thermal and PE-ALD from PDMAT with a good self-saturation property. Thus, PDMAT was found to be a promising precursor for both thermal and PE-ALD of Ta 2 O 5 , while TDMAT has shown nonideal growth with imperfect self-saturation behavior.
